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SUMMARY

Two nonmitochondrial forms of DNA polymerase are
demonstrated in regenerating rat liver and Morris hepatomas
7777, 7800, and 7794A. The enzymes have been partially
purified from subcellular fractions of these tissues. The
purification procedure involves fractionation with ammonium
sulfate and chromatography on diethylaminoethyl cellulose
and on phosphocellulose. The enzymes have different physical
and enzymatic properties and have been designated DNA
polymerases I and II. The properties of the respective DNA
polymerases from normal and regenerating rat liver and the
Morris hepatomas appear to be identical. The purified enzymes
show a strict requirement for a polydeoxyribonucleotide
template and primer. Double-stranded DNA into which
3'-hydroxyl termini have been introduced by pancreatic DNase

is the preferred primer for the purified DNA polymerases.
Both enzymes require all four deoxyribonucleoside triphos-
phates for maximal activity. DNA polymerases I and II exhibit
maximal activity at 9.0 and 8.0 pH units and at 15 and 10 mM
Mg2+, respectively. The activity of DNA polymerase II is

completely inhibited by thiol-blocking agents at a concentra
tion of 0.6 mM, while the activity of DNA polymerase I is not
inhibited. The polymerases have different net charges as shown
by their distinctive affinities for diethylaminoethyl cellulose
and phosphocellulose. The molecular weights of DNA polym
erases I and II were estimated by gel filtration as 25,000 and
250,000, respectively.

DNA polymerase I is present in the nuclei and with
cytoplasmic ribosomes from normal and regenerating rat liver
and hepatomas. This is the predominant DNA polymerase
activity in normal rat liver and the activity is not increased
significantly in regenerating rat liver or in hepatomas. In
contrast, the activity of DNA polymerase II is low in normal
rat liver and is detectable only with a smooth membrane
fraction that is isolated from the postmicrosomal supernatant
solution. In regenerating rat liver and hepatomas DNA
polymerase II is present in the nucleus, as well as the smooth
membrane fraction. The activity of DNA polymerase II with
these subcellular fractions increases between 18 and 30 hr
posthepatectomy and then declines. A substantial increase
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(six- to tenfold) in the activity of DNA polymerase II relative
to normal rat liver was observed in the nuclear and smooth
membrane fractions from the Morris hepatomas.

INTRODUCTION

The control of DNA synthesis in normal and malignant cells
has been investigated extensively but remains poorly under
stood. Definition of the mechanism and control of DNA
synthesis is of utmost importance with respect to the problem
of tissue transformation from the normal to the malignant
state. One of the possible sites for regulation of DNA synthesis
is DNA polymerase.

Recent investigations have revealed multiple DNA-depend-
ent DNA polymerases in rat liver and other tissues (3, 10, 14,
17, 20, 22). In rat liver we have observed 2 forms of DNA
polymerase, both of which differ from rat liver mitochondrial
DNA polymerase (3, 5). One of the forms is found in the
nucleus and with the cytoplasmic ribosomes of rat liver. The
other form is found with a smooth membrane fraction that is
isolated from the postmicrosomal supernatant solution. The
physiological functions of the multiple DNA polymerases have
not yet been clearly defined.

It is now evident that in bacteria separate DNA polymerases
must be involved in the processes of DNA replication and
repair (6). Although a similar situation may exist in eukaryotic
cells there is no real evidence to support such a conclusion at
this time. A study of DNA polymerases in hepatomas of
different growth rates and in liver during the course of
regeneration would provide information relevant to this
problem.

This communication describes the distributions and activ
ities of purified DNA-dependent DNA polymerases I and II
during the regeneration of rat liver and in 3 hepatocellular
carcinomas, 1 poorly differentiated and 2 well differentiated.

MATERIALS AND METHODS

Chemicals. Unlabeled and tritium-labeled deoxyribonucleo
side 5'-triphosphates and enzyme grade sucrose were pur

chased from Schwarz/Mann, Orangeburg, N. Y. Calf thymus
DNA, p-hydroxymercuribenzoate, jV-ethylmaleimide, and
phosphocellulose were obtained from Sigma Chemical Co., St.
Louis, Mo. Polydeoxyadenylic-deoxythymidylic acid copoly-
mer was purchased from Biopolymers, Inc., Chagrin Falls,
Ohio. Polydeoxythymidylic-polyriboadenylic acid was pur
chased from Miles Laboratories, Kankakee, 111.
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Animals. Hepatoma 7777, generation 53,3 hepatoma
7794A, generation 31,3 and hepatoma 7800, generation 493

were transplanted i.m. into male Buffalo rats at Howard
University, Washington, D. C. The tumor-bearing rats were
shipped to Duke University, Durham, N. C. Animals bearing
hepatomas 7777,7800, and 7794A were killed 2 to 4, 7, and 9
weeks, respectively, after inoculation. Normal rat livers were
obtained from 150 to 200-g male rats (Holtzman Co.,
Madison, Wis.). Liver regeneration experiments were per
formed with 130- to 160-g rats. Approximately 67% of the
liver was removed under ether anesthesia by the method of
Higgens and Anderson ( 16).

Tissue Fractionation. Animals were killed by cervical
dislocation. Livers and tumors were removed and chilled
immediately in ice-cold 0.25 M sucrose-Buffer A [0.05 M
Tris-HCl (pH 7.5), 0.005 M magnesium acetate, and 0.001 M
dithiothreitol]. All subsequent operations were performed at
0-4Â°. Connective tissue and necrotic regions were removed by

dissection. The remaining tissue was blotted, weighed, minced
with scissors in 4 volumes of ice-cold 0.25 M sucrose-Buffer A,
passed through a wire mesh, and homogenized by 10 strokes
with a loose-fitting Dounce homogenizer. The homogenate was
filtered through 4 layers of cheesecloth. Subcellular fractions
were isolated from the homogenate as previously described
(3â€”5)except that nuclei from host liver and hepatoma tissues
were isolated by the procedure of Grunicke et al. (13).

Purification of DNA Polymerase. DNA polymerase was
purified from isolated nuclei, ribosomes, and smooth mem
brane fractions of regenerating rat liver and hepatomas by the
procedure previously described for normal rat liver (3). The
procedure involves extraction with 1.0 M (nuclei) or 0.25 M
KG (ribosomes), salting-out by (NH4)2S04, and chromatog-
raphy on DEAE-cellulose and then on phosphocellulose. This
procedure resulted in a 2000-fold purification of DNA
polymerase I and 800-fold purification of DNA polymerase II
from these tissues. The purified enzymes were stored at â€”¿�20Â°.

DNA Polymerase Assay. DNA polymerase activity was
assayed as described previously (3). Incubation was at 37Â°for

60 min. The standard incubation mixture (0.5 ml) contained:
20 Â¿miÃ³lesof glycine-NaOH buffer, pH 8.0 for DNA
polymerase II4 and pH 9.0 for DNA polymerase I4, 0.5 Â¿(mole
of dithiothreitol, 60 Â¿igof calf thymus DNA ("activated" by

pancreatic DNase), 8 AmÃ³lesof MgCl2, 0.05 /imole each of
dATP, dGTP, dCTP, and TTP-3H (25 mCi/mmole), and 10 to
100 /Â¿gof protein from the enzyme-containing fraction. The
reaction was linear with protein up to 200 ng for at least 2 hr
at 37Â°. The concentrations of deoxyribonucleoside triphos-

3Hepatoma 7777, generation 53, is a poorly differentiated, rapidly
growing, hepatocellular carcinoma with mÃ©tastasesto the lungs;
hepatoma 7794A, generation 31, is a well-differentiated hepatocellular
carcinoma with an intermediate growth rate; hepatoma 7800, genera
tion 49, is a well-differentiated hepatocellular carcinoma with lung
mÃ©tastases,a few well-differentiated cells, and intermediate growth
rate. Histological descriptions are by Dr. D. R. Meranze.

4DNA polymerase I does not bind to DEAE-cellulose at pH 7.5. It
binds firmly to phosphocellulose at pH 7.0 and is eluted by 0.5 M
potassium phosphate at pH 7.2. DNA polymerase II binds to
DEAE-cellulose at pH 7.5 and is eluted by 0.25 M KC1. It is weakly
bound to phosphocellulose at pH 7.0 and is eluted by 0.20 M potassium
phosphate at pH 7.2.

phates used were saturating. One unit of activity is equal to 1
nmole of TMP-3H incorporated per hr.

DNase Assay. The assays for DNase activity were as
described previously (5).

RESULTS

Subcellular Distribution of DNA Polymerase in Regenerat
ing Rat Liver. The subcellular distribution of DNA polymerase
in regenerating rat liver is similar to that reported previously
for normal rat liver and hepatomas (3-5). Fifty to 60% of the

DNA polymerase activity is found with the cytoplasm when
homogenates of regenerating liver are fractionated by the
procedure described for rat liver (3). Virtually all of the
cytoplasmic DNA polymerase is sedimentable. It fractionates
with the microsomes and with a postmicrosomal pellet that is
obtained from centrifugation of the microsomal supernatant
solution at 78,000 X gav for 15 hr (3-5). The DNA
polymerase activity found in the microsome fraction is
associated with the ribosomes, and not the membranes,
present in this fraction (3). Most of the DNA polymerase
activity of the postmicrosomal pellet is associated with a
smooth membrane fraction that is derived from the postmicro
somal pellet by discontinuous sucrose gradient centrifugation.
The activity of DNA polymerase in this membrane fraction,
like that in the nucleus correlates with the proliferative rate of
the tissue (5).

Phosphocellulose Chromatography of DNA Polymerase
from Subcellular Fractions. DNA polymerase was purified
from the nuclei, ribosomes, and postmicrosomal smooth
membrane fractions of regenerating liver and hepatomas by
the procedure described previously for rat liver (3). The DNA
polymerase activity from the ribosome fraction did not bind
to DEAE-cellulose and appeared in the column wash. The
membrane-associated DNA polymerase activity was eluted
from DEAE-cellulose by 0.25 M KC1. DNA polymerases from
these subcellular fractions of regenerating liver and hepatomas
chromatographed on DEAE-ceUulose like their counterparts
from normal rat liver (3). When the nuclear extract from 24-hr
regenerating liver or hepatomas was chromatographed on
DEAE-cellulose about 30% of the DNA polymerase activity
was recovered in the column wash and the remaining activity
was eluted by 0.25 M KC1. When each of the 2 peaks of DNA
polymerase activity was rechromatographed on DEAE-cellu
lose, a single peak of activity that eluted at the original ionic
strength was observed. In contrast, all of the extractable DNA
polymerase from normal rat liver nuclei appeared in the
column wash (3).

The DEAE-cellulose fractions that contained DNA polym
erase activity were chromatographed separately on phospho
cellulose. The resulting elution profiles are shown in Charts 1
to 3. Chart 1 shows that all of the DNA polymerase in nuclear
extracts of normal liver has the Chromatographie properties of
DNA polymerase I4; it is eluted by 0.5 M potassium

phosphate. Most of the DNA polymerase in the nuclear extract
from Morris hepatomas 7800, 7794A, and 7777 (Chart 1) and
24-hr regenerating liver (Chart 2) has the Chromatographie
properties of DNA polymerase II4 ; it is eluted by 0.2 M

potassium phosphate. A minor fraction of DNA polymerase,
having the Chromatographie properties of DNA polymerase I,
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is also present in nuclear extracts from the hepatomas and
24-hr regenerating liver. Nuclei from 18-to 40-hr regenerating
liver gave results qualitatively similar to 24-hr regenerating
liver. Quantitative differences were, however, observed in DNA
polymerase II. In contrast, nuclear extracts from liver of
tumor-bearing and sham-operated rats and 5- to 12-hr
regenerating liver gave elution profiles like nuclear extracts
from normal liver.

m
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Chart 1. Phosphocellulose chromatography of rat liver and hepatoma
nuclear DNA polymerases. Composite elution profiles are from
phosphocellulose chromatography of DEAE-cellulose fractions that
contain DNA polymerase activity from rat liver and hepatoma nuclei.
The elution of DNA polymerase activity from DEAE-cellulose is
described in the text. DEAE-cellulose fractions with the highest DNA
polymerase activity were pooled and dialyzed overnight against 4 liters
of 0.05 M potassium phosphate (pH 6.8), 0.001 M dithiothreitol
(DTT), and 20% ethylene glycol. The dialyzed fractions were
chromatographed separately on 0.9-x 10-cm columns of phosphocellu
lose equilibrated with the same buffer. Elution was stepwise with
increasing concentrations of potassium phosphate from 0.05 M to 0.5
M. The collected fractions were dialyzed overnight against 4 liters of
Buffer A. After dialysis 0.1-ml aliquots were assayed for DNA
polymerase activity using "activated" DNA as described in "Materials
and Methods." â€¢¿�,DNA polymerase from DEAE-cellulose column wash;

o, DNA polymerase from 0.25 M KC1 fraction from DEAE-cellulose
chromatography.
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Chart 2. Phosphocellulose chromatography of DNA polymerases
from nuclei, ribosomes, and postmicrosomal membranes of 24-hr
regenerating rat liver. Composite elution profiles are from phosphocel
lulose chromatography of DEAE-cellulose fractions that contain DNA
polymerase activity from the respective subcellular fractions. The
experimental procedures are described in the legend to Chart 1. o, DNA
polymerase from DEAE-cellulose column wash; Â»,DNA polymerase
from 0.25 M KC1fraction from DEAE-cellulose chromatography. DTT,
dithiothreitol.
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Chart 3. Phosphocellulose chromatography of DNA polymerase from
the postmicrosomal membrane of rat liver and hepatomas. The
DEAE-celluIose fraction containing DNA polymerase activity from the
postmicrosomal membrane was dialyzed overnight and chromato-
giaphed on a 0.9- x 10-cm column of phosphocellulose. The
experimental procedures are described in the legend to Chart 1. DTT,
dithiothreitol.

As shown in Chart 2, the ribosome-associated DNA
polymerase from 24-hr regenerating liver has the Chromato
graphie properties of DNA polymerase I. DNA polymerase
from ribosomes of normal (3) and host liver and 18- to 40-hr
regenerating liver and hepatomas gave elution profiles identical
to that shown in Chart 2 for DNA polymerase from ribosomes
of 24-hr regenerating liver.

The smooth membrane-associated DNA polymerase from
normal and regenerating liver and hepatomas chromatographs
on phosphocellulose like DNA polymerase II (Chart 3).

However, the total and specific activities of DNA polym
erase in the phosphocellulose fractions from the membranes of
24- to 36-hr regenerating liver and from a progressed tumor,
Morris hepatoma 7777, are, respectively, 2 to 3 times and 10
to 20 times higher than the corresponding activities from
normal rat liver. Phosphocellulose chromatography of DNA
polymerase from the smooth membrane fraction of liver from
tumor-bearing and sham-operated rats and 12- to 18-hr
regenerating liver yields results qualitatively similar to those
obtained with this subcellular fraction from normal liver.

Molecular Weights of DNA Polymerases I and II. DNA
polymerases I and II have different molecular weights as
estimated by gel filtration. A Sephadex G-200 column was
calibrated with protein molecular weight markers: catalase,
250,000; bovine serum albumin, 67,000; ovalbumin, 45,000;
and pig heart cytochrome c 16,000. As shown in Chart 4, a
linear relationship was observed between the logarithm of the
molecular weight and the elution volume. On the basis of its
elution volume relative to the markers we estimate the
molecular weight of DNA polymerase I to be about 25,000
dallons. DNA polymerase II appears immediately after the
void volume on Sephadex G-200. We estimate its molecular
weight to be about 250,000 dallons from its position relalive
lo molecular weighl markers during gel fillration on Biogel
Aâ€”1.5M. DNA polymerases from regenerating rat liver and
hepalomas appear lo be of Ihe same size as their counterparls
from rat liver.

Basic Requirements for Activity of DNA Polymerases I and
II. The requirements of purified DNA polymerases I and II
from normal (3) and regeneraling rat liver and Morris
hepatomas are identical. Table 1 shows Ihe requiremenls of
DNA polymerases I and II from 30-hr regeneraling liver.

A DNA lemplale is essenlial for reaclion of eilher
polymerase and RNA will noi salisfy this requirement. The

io5

tu .o IO4

CATALASE 250,000

DNA POLYMERASE H

X ALBUMIN (Bovine) 69,000

X.OVALBUMIN 45,000

CYTOCHROME C I6.OOO

DNA POLYMERASE I

IO 20

Elution Volume (mi)

30

Chart 4. Estimation of the molecular weights of DNA polymerases I
and II by gel filtration on Sephadex G-200. A 0.9- x 20-cm column of
Sephadex G-200 was calibrated as described in the text. Protein
molecular weight markers and the phosphocellulose fractions of DNA
polymerases I and II from 30-hr regenerating rat liver were applied to
the column in volumes of 0.5 ml. Gel filtration was conducted in the
presence of 0.5 M KC1 in Buffer A. Column fractions were dialyzed
against Buffer A-20% ethylene glycol, and DNA polymerase was
assayed as described in "Materials and Methods."
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Table 1

Basic requirements for deoxyribonucleotide incorporation into
DNA by DNA polymerases from 30-hr regenerating liver

The complete system and assay are described under "Materials and
Methods." Ten Mg of protein from the respective phosphocellulose

fractions were used for each assay as the enzyme source.

TMP-3H(pmoles/hr)

incorporated with

Reaction mixtureDNApolymerase IDNApolymerase II

Complete, added template
None O O
RNA (rat liver) O O
Native calf thymus DNA 213 42
Denatured calf thymus DNA 81 63
"Activated" calf thymus DNA 1935 2610

Complete, "activated" calf

thymus DNA template
- Mg2* O O

-dCTP, dGTP 386 189
- dCTP, dGTP, d ATP 171 82
- Dithiothreitol 2023 1658
- Dithiothreitol, plus 0.3 mM N- 1848 243

ethylmaleimide or p-hydroxy-

mercuribenzoate

best template for either polymerase is activated DNA, i.e.,
native DNA into which 3'-hydroxyl termini have been

introduced by limited action of pancreatic DNase. DNA
polymerase I has maximal activity at pH 9.0 whereas the
optimal pH for DNA polymerase II is slightly lower, pH 8.O.
Both enzymes have absolute requirements for Mg2+ and
maximal activity is obtained with 10 to 15 mM Mg2+.Neither
Mn2* nor Ca2+ can replace Mg2+. All 4 deoxyribonucleoside

triphosphates must be present to obtain maximal activity of
either polymerase. Only DNA polymerase I has significant
activity in the absence of 1 or more of the 4 deoxyribonucleo
side triphosphates. DNA polymerase I does not require a
sulfhydryl-reducing agent for maximal activity and is not
inhibited by sulfhydryl-blocking agents. However, DNA
polymerase II is dependent upon a sulfhydryl-reducing agent
for maximal activity. In the absence of dithiothreitol this
enzyme is markedly inhibited by ./V-ethylmaleimide or
p-hydroxymercuribenzoate at a concentration of 0.3 mM.

Template Requirement. Synthetic templates and natural
DNA's of known base composition were utilized to demon

strate the template requirements of DNA polymerases I and II.
We have obtained identical results with DNA polymerases I
and II from normal and regenerating rat liver and Morris
hepatomas.

The fidelity of incorporation with natural DNA templates
of known base compositions is shown in Table 2. The
incorporation of dAMP-3H and dCMP-3H into DNA was

measured in separate reactions with each DNA polymerase.
With either DNA polymerase the ratio of dAMP-3H and
dCMP-3H incorporated into DNA approaches the A:C ratio

calculated from the known base composition of the template.
The agreement between the experimental and calculated A:C
ratio is particularly good in the case of DNA polymerase II.
As shown in Table 3, when the synthetic copolymer

DNA Polymerases in Regenerating Liver and Hepatomas

polydeoxyadenylic-deoxythymidylic acid was used as tempate,
incorporation of dCTP-3H occurred in the presence of dATP

but there was little incorporation in the absence of dATP.
There was no incorporation of dCTP-3H. There was essentially
no incorporation of TTP-3H or dATP-3 with polydeoxythymi-
dylic-polyriboadenylic acid as template.5

Activities of DNA Polymerases I and II during Liver
Regeneration. The activity of DNA polymerase II increases
during liver regeneration, whereas that of DNA polymerase I
does not change significantly. Table 4 shows the specific
activities of purified DNA polymerases I and II from the
nuclear and the postmicrosomal membrane fractions at
different times posthepatectomy. DNA polymerase I is present
in the nucleus from regenerating liver, as well as liver from
normal or sham-operated rats. No DNA polymerase I is
detected with the postmicrosomal membrane fraction, but it is
found with cytoplasmic ribosomes (3). The specific and total
activities of DNA polymerase 1 in the nucleus and with
ribosomes do not change significantly during liver regenera
tion.

DNA polymerase II is not detected in the nucleus from
normal rat liver, regenerating liver before 18 hr posthepatec
tomy, or liver from sham-operated rats. DNA polymerase II is
detected in the nucleus of regenerating rat liver about 18 hr
posthepatectomy. It increases to reach a maximum about 30
hr posthepatectomy and then declines between 30 and 48 hr.
DNA polymerase II is also found with a postmicrosomal
membrane fraction obtained from the livers of these animals.
The activity of DNA polymerase II with the postmicrosomal
membrane fraction changes in parallel with the nuclear activity
during regeneration. Both specific and total DNA polymerase
II activities change during regeneration. We have not detected
DNA polymerase II with microsomes from normal or
regenerating rat liver.

DISCUSSION

The results presented here further substantiate the existence
of 2 nonmitochondrial forms of DNA polymerase in mamma
lian cells (3, 10, 14, 17, 20, 22). The purified DNA
polymerases have different molecular weights, affinities for
DEAE-cellulose and phosphocellulose, and sensitivities to
sulfhydryl-blocking agents. We operationally designated these
enzymes as DNA polymerases I and II. The properties of DNA
polymerases I and II from regenerating rat liver are identical to
those of the DNA polymerases from normal rat liver (3) and
Morris hepatomas. The enzymes are similar to the 2 forms of
DNA polymerase that have recently been described in various
mammalian tissues (3,10, 14,17,20, 22).

The enzymes require a template, as well as a primer, to
produce a DNase-sensitive, acid-insoluble product. We previ
ously reported that the DNA polymerases from rat liver will
function with the presumed single-stranded homodeoxyribo-

5Ward et al. (21) recently demonstrated RNA-dependent DNA
polymerase activity (1, 18, 19) in rat liver and hepatomas. This activity
is separable from DNA-dependent DNA polymerase and the enzyme(s)
is inactive with natural and synthetic deoxyribonucleotide templates.
We have not detected RNA-dependent DNA polymerase activity in our
purified DNA polymerase fractions from rat liver and hepatomas.
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Table 2
Fidelity of incorporation with natural DNA templates

The standard assay described in "Materials and Methods" was used except for changes in template and
3H-labeled deoxyribonucleoside triphosphates as indicated. Native DNA was used as template in all
assays, and the specific activities of dATP-3 H and dCTP-3H were 25 mCi/mmole.

Nucleotides incorporated with

DNA polymerase I DNA polymerase II

TemplateCalf

thymus
Escherichia coliBSalmon

sperm
Clostridium perfringens
M. luteusdAMP(pmoles)275

297390

411
183dCMP(pmoles)182237242

167
271A:Cratio1.51

1.261.61

2.43
0.68dAMP(pmoles)109124270

14573dCMP(pmoles)82

131208

67
137A:Cratio1.33

0.951.30

2.17
0.53expecieu

A:Cratio01.27

1.081.27

2.24
0.42

Base compositions of DNA's taken from the data of Belozersky and Spirin (7).

Table 3
Incorporation with synthetic polynucleotide templates

The standard assay described in "Materials and Methods" was used
except for changes in template and 3H-labeled deoxyribonucleoside
triphosphates as indicated. The amounts of templates used were: poly
d(A-T),Â°18 Â»ig;poly dT:rA,b 20 ng. Protein (10 Mg)of the respective
phosphocellulose fractions from 30-hr regenerating liver was added to
each assay as the source of enzyme. The specific activities of dATP-3 H,
TTP-3H, and dCTP-3H were 25 mCi/mmole.

Nucleotides incorporated with

TemplatePoly

d(A-T)

Poly dT:rADeoxyribonucleotides

addedTTP-3H

TTP-3H+dATP
dCTP-3H
TTP-3H
dATP-3 HPolymerase

I31

390Polymerase

II3

26
0

a Polydeoxyadenylic-deoxythymidylic acid copolymer.
b Polydeoxythymidylic-polyriboadenylic acid.

polymers, polydeoxyadenylic acid and polydeoxythymidylic
acid (3, 5). However, we have since found that those results
were due to an oligodeoxyribonucleotide contaminant that
presumably acted as a primer. No synthesis occurred on these
templates when they were further purified by alkaline CsCl
gradient centrifugation or when polydeoxythymidylic acid was
depurinated. Harwood and Wells (15) had also observed that
synthesis by Micrococcus luteus DNA polymerase using
single-stranded synthetic deoxyribopolymers was due to a

contaminating oligodeoxyribonucleotide primer.
DNA polymerases I and 11 probably have different

physiological functions since only 1 of them responds to
stimuli for cell proliferation. The presence of DNA polymerase
1 in the nucleus of nonproliferating tissue and its lack of
response during proliferation suggest that the enzyme func
tions in nonreplicative polymerization reactions such as DNA
repair. On the other hand, it seems likely that DNA
polymerase 11 functions as a replicative enzyme. It is not
detected in the nuclear extract of nonproliferating tissues,
although low activity is found with a postmicrosomal
membrane fraction. The activity of DNA polymerase II

increases in regenerating rat liver and hepatomas. The activities
of DNA polymerase II in the nuclear and postmicrosomal
membrane fractions change in parallel with the reported rate
of DNA synthesis (8) throughout liver regeneration.

The presence of DNA polymerase II in nuclear extracts
from proliferating tissues is not likely to be due to cytoplasmic
contamination. The difficulty in isolating pure nuclei from
hepatoma tissues is well known (9), but DNA polymerase II is
also present in nuclei from regenerating liver which can be
freed from cytoplasmic contamination.

The presence of DNA polymerase in the cytoplasm is open
to the usual criticism that nuclear leakage may occur during
fractionation in aqueous systems. We have discussed elsewhere
the results of experiments that suggest that this is not the case
(5). It is possible that the DNA polymerases originate in the
cytoplasm. We are investigating the possibility that these DNA
polymerases are synthesized in the cytoplasm and are
translocated to the nucleus.

The nature and origin of the postmicrosomal membrane are,
at present, unknown. The membrane has no detectable DNA
or mitochondrial membrane markers, such as monoamine
oxidase and succinate dehydrogenase (3). Electron micro
scopic examination indicates that the membrane is smooth and

Table 4
DNA polymerases in regenerating rat liver

The assay is described under "Materials and Methods." Twenty Mgof

protein from the respective phosphocellulose fraction were used for
each assay as the enzyme source.

DNA polymerase (units/g liver) in

Nucleus Smooth membrane

Hr posthepatectomy

012182430364824

(sham)1.8

(0.2)2.2
(0.3)2.0
(0.2)1.8
(0.2)2.6
(0.4)2.4
(0.4)2.0
(0.3)1.6

(0.2)001.4

(0.2)5.1
(0.7)12.3(2.1)8.5

(1.3)4.2
(0.8)0000000004.7

(0.8)5.4(1.0)6.3

(0.9)7.6(1.1)15.5

(2.4)11.4(1.6)6.3

(1.0)4.7
(0.8)
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the low RNA to protein ratio of 0.06 is consistent with the
morphological appearance (4). We are, however, unable to
detect DNA polymerase II in subfractions of microsomes
prepared by the procedure of Dallner et al. (11).

In addition to DNA polymerase II, thymidine kinase,
thymidylate synthetase, and ribonucleotide reducÃase are
associated with the postmicrosomal smooth membrane (2,
12).6 Most of the cytoplasmic activity of these enzymes is

found with this membrane fraction. The membrane association
of these enzymes is retained in the presence of high salt
concentrations and, therefore, does not appear to result from
electrostatic absorption (2).6 The activities of these mem
brane-associated enzymes change similarly in response to
proliferation (2, 12).6 The physiological significance of the

association of the 4 enzymes is not known at this time, but
studies to characterize further the membrane and to determine
whether other enzymes involved in DNA biosynthesis are
similarly associated seem warranted.

Evidence for the physiological function of the 2 DNA
polymerases is necessarily indirect at the present time. Data
presented here and elsewhere (3, 5) strongly suggest that DNA
polymerase I functions in a constitutive process and that DNA
polymerase II participates in DNA replication. The physiologi
cal function of these enzymes, the significance of their
subcellular distribution, and the possibility that DNA polymer
ase II is part of a multienzyme complex for DNA synthesis are
essential aspects for future study.
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